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Abstract 
Ovarian cancer therapy remains a challenge for human health, partly due to chemother-

apy resistance. Understanding the molecular mechanisms underlying this resistance is 

crucial. Therefore, to identify genes involved in cisplatin resistance in ovarian cancer, 

RNA-seq analysis of A2780cp (cisplatin-resistant) and A2780 (cisplatin-sensitive) cell 

lines was performed, revealing 1-acylglycerol-3-phosphate O-acyltransferase 3 (AGPAT3) 

as a differentially expressed candidate gene. First, MTT analysis confirmed the drug 

resistance of A2780cp and the sensitivity of A2780 cell lines. Subsequent reverse tran-

scription quantitative polymerase chain reaction (RT-qPCR) and western blotting analy-

ses revealed elevated AGPAT3 and mTOR expression in A2780cp cells compared with 

A2780 cells. Additionally, western blotting showed increased p-mTOR (phospho-mTOR)/

mTOR and p-S6K (phospho-S6K)/S6K ratios in A2780cp cells. The overexpression of 

AGPAT3 in A2780 cells led to increased p-mTOR/mTOR and p-S6K/S6K ratios and 

increased IC50 values, as shown by RT-qPCR, western blotting, and MTT analysis. 

Conversely, shRNA-mediated downregulation of AGPAT3 resulted in reduced p-mTOR/

mTOR and p-S6K/S6K ratios. At the cellular level, AGPAT3 overexpression in A2780 cells 

increased survival rates, decreased apoptosis, and caused G2/M cell cycle arrest under 

cisplatin treatment, as detected by apoptosis assay, and cell cycle flow cytometry analy-

sis. Overall, we conclude that AGPAT3 is involved in cisplatin resistance in A2780cp cells 

and propose that targeting this gene or its enzymatic product could help overcome drug 

resistance.

1.  Introduction
Ovarian cancer is the eighth most prevalent cancer among women, with annual incidence and 
mortality rates of 6.6 and 4.2 per 100,000, respectively [1]. Cisplatin, a platinum-based com-
pound, is a frontline chemotherapy agent for various solid tumors, including ovarian cancer 
[2]. Its mechanism involves disrupting DNA synthesis and transcription by forming purine 
DNA adducts, leading to apoptosis [3]. Despite an initial response to the drug, the develop-
ment of cisplatin resistance eventually becomes a major challenge for most patients [4]. Mech-
anisms of resistance include alterations in drug influx or efflux, drug inactivation through 
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interactions with glutathione and metallothionein, enhanced DNA repair, and modifications 
in signaling pathways [5].

The mammalian target of rapamycin (mTOR) acts as a crucial regulator of cell growth, 
proliferation, and metabolism [6]. The mTOR protein forms two complexes, mTORC1 and 
mTORC2, each of which differ in composition, upstream and downstream contributors, 
and sensitivity to rapamycin. One of the cofactors of the mTOR signaling pathway is phos-
phatidic acid (PA), which primarily affects mTORC1 [7]. PA enhances mTORC1 kinase 
activity by directly binding to the FK506-binding protein 12 (FKBP12)-rapamycin-binding 
(FRB) domain of mTORC1 [8]. Overactivation of mTORC1 promotes the phosphoryla-
tion of downstream targets such as S6K1 (Ribosomal protein S6 kinase beta-1) and 4E-BP1 
(eukaryotic translation initiation factor 4E-binding protein 1) [9]. PA is produced by three 
different enzymes: phospholipase D (PLD), diacylglycerol kinase (DGK), and 1-acylglycerol-
3-phosphate O-acyltransferase 3 (AGPAT) or lysophosphatidic acid acyltransferase (LPAAT) 
[10]. Acyl glycerol phosphate acyltransferases (AGPATs) are enzymes that catalyze the conver-
sion of lysophosphatidic acid to PA [11,12].

A recent study utilizing tissue microarrays revealed that mTORC1 activation is sig-
nificantly higher in ovarian clear-cell carcinomas, with 86.6% of cases showing increased 
activation, compared to 50% of serous adenocarcinomas [13]. This heightened activation 
of mTORC1 plays a crucial role in enhancing cellular resistance to cisplatin through several 
mechanisms. These include facilitating G2/M checkpoint recovery following DNA damage 
[14], boosting DNA repair processes [15–18], inhibiting apoptosis, and promoting over-
all cell survival [19]. Furthermore, the central role of mTORC1 in cisplatin resistance has 
been reported in various cancers, including gastric, cervical, and lung cancers. Inhibition 
of mTORC1 has demonstrated potential to sensitize cancer cells to cisplatin, highlight-
ing its promise as a therapeutic target to overcome chemoresistance [20–22]. Previous 
studies have associated AGPAT2 with mTOR regulation, demonstrating its role in cis-
platin resistance [23]. In this study, we hypothesize that AGPAT3 activation contributes 
to increased mTORC1 activation and decreased cisplatin-induced apoptosis. To validate 
our hypothesis, we used A2780 cell line as a model for ovarian cancer established from an 
endometrioid-type ovarian tumor [24,25]. Understanding the role of AGPATs in cisplatin 
resistance may pave the way for novel mTOR inhibitors, enhancing the efficacy of cisplatin 
chemotherapy.

2.  Materials and methods

2.1.  RNA-seq analysis
For transcriptome profile analysis, public RNA-seq datasets (GSE173201, GSE176218, 
GSE98230, and GSE206649) taken from SRA database (https://www.ncbi.nlm.nih.gov/sra) 
containing A2780 and A2780cp samples were utilized. Data processing and analysis were con-
ducted on the Galaxy platform (https://usegalaxy.org). Raw sequencing reads were subjected 
to quality control assessment via FastQC (0.74+galaxy0), followed by trimming of low-quality 
bases and adapter sequences via Trim Galore (0.6.7+galaxy0) and Trimmomatic (0.39+gal-
axy2). Alignment was performed with HISAT2 (2.2.1+galaxy1) with hg38 reference genome, 
and read counting was conducted via HTSeq-count (2.0.5+galaxy0). Batch effect removal 
was carried out via the Combat-seq tool from SVA package (3.46.0) in R. Normalization and 
differential gene expression analysis were performed via DESeq2 (version 1.38.3) R. Principal 
component analysis (PCA) was performed with DESeq2 to validate sample clustering and 
evaluate the overall datasets variability. Visualization of expression patterns and differentially 
expressed genes (DEGs) was facilitated through the generation of heatmaps (circlizing 0.4.15) 
and volcano plots (EnhancedVolcano 1.16.0).
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2.2.  Enrichment analysis
To gain insight into the biological significance of the DEGs, enrichment analysis was per-
formed with Clusterprofiler (4.6.2) package, and visualization of enrichment result was 
performed with Enrichplot package, which uses Kyoto Encyclopedia of Genes and Genomes 
(KEGG) database for signaling pathway analysis. This analysis helps identify active pathways 
and processes linked to DEGs, improving our understanding of the biological mechanisms 
involved in cisplatin chemoresistance.

2.3.  Cell culture and cisplatin treatment
A2780 and A2780 cisplatin-resistant (A2780cp) cell lines were obtained from Pasteur Institute 
(Tehran, Iran). Both cell lines were maintained in RPMI 1640 medium supplemented with 
10% fetal bovine serum (FBS; Gibco, Brazil), 100 U/ml penicillin, and 100 µg/ml streptomy-
cin. The cells were cultured in a humidified incubator at 37 °C with 5% CO2 and passaged 
according to standard protocols. A2780 cells were treated with 20 µM, 35 µM, 50 µM, 65 µM, 
and 80 µM cisplatin. Cisplatin was diluted in the cell culture medium to achieve the desired 
concentrations. The cells were incubated with cisplatin for 24 hours under standard culture 
conditions.

2.4.  RNA extraction and cDNA synthesis
Total RNA was extracted from cultured cells via the TRIzol reagent of Zavarzistazma (Ker-
man, Iran). Subsequently, complementary DNA (cDNA) synthesis was performed via Reverse 
Transcription kits from Thermo Fisher (USA) and Yekta Tajhiz (Tehran, Iran) Azma. Both 
procedures were carried out following the manufacturers’ instructions. The quantity and qual-
ity of RNA were assessed via a NanoDrop spectrophotometer, and the integrity of RNA was 
confirmed via gel electrophoresis.

2.5.  Reverse transcription-quantitative polymerase chain reaction (RT‒
qPCR)
Gene expression levels were further assessed via RT-qPCR with SYBR Green detection. 
Quantitative real-time PCR was performed with SYBR Green (Amplicon, Denmark) and 
gene-specific primers (Table 1) for the target genes, with Actin Beta-1 (ACTB1) as an internal 
control. The expression levels were normalized to ACTB1 gene, and relative quantification 
was determined via the ∆∆Ct method. Each experiment was performed in two biological rep-
licates (n = 2) with two technical repeats each (n = 2).

Table 1.  Primers used in this study.

Primer Forward Reverse
ACTB 5′- TGGACTTCGAGCAAGAGATG-3′ 5′ -GAAGGAAGGCTGGAAGAGTG-3′
AGPAT3 (Real-time) 5′- CCCGAGTACATGTGGTTTCTC-3′ 5′ -GTCCTTCTCCTGGTACAGTTTATG-3′
AGPAT3(Cloning) 5′- GACGGCTGTCCTCAGCGAG-3′ 5′ -TCTTTTCCTGCACTCTGTGTGTTG-3′
shRNA 5′-GGTGGATCCTCAACTGCCGCCTCG

CCTACTTTGTAGAG-3′
(including BamHI site)

5′-GGTAAGCTTTCAACTGCCGCCTC
GCCTACTCTACAAAG-3′
(including HindIII site)

mTOR 5′ -GCAGCAACAGTGAGAGTGAGG-3′ 5′ -GACAAGGAGATGGAACGGAAGAA-3′

https://doi.org/10.1371/journal.pone.0318740.t001

https://doi.org/10.1371/journal.pone.0318740.t001


PLOS ONE | https://doi.org/10.1371/journal.pone.0318740  March 10, 2025 4 / 16

PLOS ONE AGPAT3 gene as a regulator of cisplatin resistance in A2780 cell line

2.6.  Gene cloning
The gene cloning process involved the amplification of AGPAT3 cDNA derived from A2780 
cell line via PCR via gene-specific primers (Table 1) designed for coding sequence (CDS) of 
AGPAT3 gene. The PCR products were purified via the Favorgen (Tehran, Iran) Gel/PCR 
Purification Kit. First, TA-cloning was performed, and then the AGPAT3 sequence was 
digested with the restriction enzymes APA1 and KPN1 (Takara, Japan) from the recombinant 
T-vector. The purified AGPAT3 gene fragment was then ligated into the pcDNA3.1+ vector 
via T4 DNA ligase as part of a standard cloning protocol. The ligated recombinant vectors 
were subsequently transformed into competent DH5-Alpha bacteria via the heat shock 
method. Transformed bacteria were selected via LB agar ampicillin, and the presence of the 
recombinant AGPAT3 gene was confirmed via colony PCR. Sanger sequencing confirmed the 
accuracy of the cloned-AGPAT3 sequence.

2.7.  Designing the shRNA
The CDS of AGPAT3 was submitted to the UNAFold web server (unafold.org) for mRNA 
structural analysis and folding to identify the optimal shRNA target position. Based on the 
analysis, the shRNA was designed with 2 primers (Table 1). PCR was used to anneal these 
primers to form a dimer and complete polymerization, creating the shRNA construct (S1 Fig).

2.8.  Transient transfection
A2780 cells underwent transient transfection to establish mock and overexpressing cell 
lines. Transfection was performed via the Thermo Fisher Lipofectamine 3000 reagent (USA) 
according to the manufacturer’s instructions, and the pcDNA3.1(+) expression vector 
contained the target gene AGPAT3 and pRNA vector, which contained shRNA. For overex-
pression of the AGPAT3 gene in A2780 cells, the cells were seeded in the appropriate plates 
according to the methods of the downstream assay and incubated for 24 hours to allow 
adherence and reach approximately 70% confluency. For transfection, a mixture of Lipofect-
amine 3000, P3000, and recombinant vector pcDNA3.1(+):AGPAT3 was prepared in medium 
without FBS. The ratios used were as follows: for MTT assay, 5000 cells per well were seeded 
in 96-well plates, and 0.2 µL of Lipofectamine 3000, 0.3 µL of P3000, and 0.3 µg of DNA were 
used per well; for RT-qPCR, apoptosis, and cell cycle assays, 90000 cells per well were seeded 
in 12-well plates, and 2 µL of Lipofectamine 3000, 3 µL of P3000, and 3 µg of DNA were 
used per well; for Western blotting, 250000 cells per well were seeded in 6-well plates, and 
4 µL of Lipofectamine 3000, 6 µL of P3000, and 6 µg of DNA were used per well. After the 
transfection mixture was added to the cells, the plates were incubated for 6 hours, after which 
the medium was replaced with fresh complete medium. For downregulation of AGPAT3 in 
A2780cis cells, the same protocol was followed for the recombinant pRNA:shRNA vector, and 
downregulation was confirmed by RT-qPCR and Western blotting.

2.9.  MTT assay
Cell viability was assessed via the MTT assay. A2780 and A2780cp cells were seeded in 96-well 
plates. After the 24-h treatment period, MTT solution (5 mg/ml) was added, and the cells were 
incubated for 3–4 h at 37°C. Then, dimethyl sulfoxide (DMSO) was added, and the absorbance 
was measured at 570 nm via an ELISA reader. Cell viability was calculated by comparing the 
absorbance of treated and untreated (control) cells. The experiment was performed with three 
biological replicates (n =  3) with three technical repeats each (n =  3). The IC50 values were 
calculated with GraphPad Prism (version 9).



PLOS ONE | https://doi.org/10.1371/journal.pone.0318740  March 10, 2025 5 / 16

PLOS ONE AGPAT3 gene as a regulator of cisplatin resistance in A2780 cell line

2.10.  Western blot analysis
Harvested cells were lysed in lysis buffer, and protein concentrations were measured via 
the Bradford assay. Western blotting was performed to detect AGPAT3, mTOR, p-mTOR, 
S6K, and p-S6K proteins. For each sample, total proteins were separated via 10% sodium 
dodecyl sulfate‒polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF 
membrane. The membrane was blocked with 5% BSA in TBST buffer and then incubated 
overnight at 4°C with the following primary antibodies directed against AGPAT3 (rabbit, 
1:1000;25723-1-AP, Proteintech), mTOR (mouse, 1:500; sc-517464, Santa Cruz Biotechnol-
ogy, Inc.), p-mTOR (Ser 2448) (mouse, 1:500; sc-293133, Santa Cruz Biotechnology, Inc.), 
p70 S6 kinase α (rabbit, 1:500; sc-230, Santa Cruz Biotechnology, Inc.), p-p70 S6 kinase α 
(Thr 389) (rabbit, 1:500; sc-11759-R, Santa Cruz Biotechnology, Inc.), and β-actin (mouse, 
1:2000; sc-517582, Santa Cruz Biotechnology, Inc.). After washing, the membrane was incu-
bated with horseradish peroxidase (HRP)-conjugated secondary antibodies directed either 
against mouse IgG (m-IgGκ BP-HRP, 1:5000; sc-516102, Santa Cruz Biotechnology, Inc.) or 
against rabbit IgG (mouse, anti-rabbit IgG-HRP, 1:5000; sc-2357, Santa Cruz Biotechnology, 
Inc.). Protein bands were visualized via an enhanced chemiluminescence (ECL) kit (Lumi-
gen, USA) according to the manufacturer’s instructions and imaged via a chemiluminescence 
imaging system.

2.11.  Cell cycle analysis
Following AGPAT3 overexpression, A2780 cells were collected and stained with propidium 
iodide (PI). The distribution of cells in each phase (Sub-G1, G1, S, and G2/M) was detected 
via a BD FACS Calibur (BD Biosciences, San Jose, USA), and the results were analyzed with 
FlowJo V10 software.

2.12.  Apoptosis assay
After AGPAT3 was overexpressed in A2780 cells, the cells were collected and stained with an 
Annexin-V-FITC/PI Staining Kit. Next, a BD FACS Calibur (BD biosciences, San Jose, USA) 
was used to detect apoptotic and viable cell rates, and FlowJo V10 was used to analyze the 
results.

2.13.  Statistical analysis
Statistical analyses were conducted using GraphPad Prism 9 software (GraphPad Software 
Inc., San Diego, CA, USA). Student’s t test was employed for the comparison of two normally 
distributed variables.

2.14.  Ethics statement
This study did not involve human participants; therefore, obtaining participant consent was 
not applicable. The research did not include any personal data, medical records, or biological 
samples related to human subjects.

3.  Results

3.1.  Bioinformatic analysis revealed AGPAT3 as a differentially expressed 
gene between A2780 and A2780cp cell lines
To characterize the expression profile of A2780cp, we conducted RNA-seq analysis utiliz-
ing SRP316044, SRP322864, SRP105266, and SRP383043 datasets retrieved from the NCBI. 
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Batch effect removal procedure was applied to ensure the elimination of biases introduced 
by batches. A volcano plot (Fig 1A) and PCA (S2 Fig) confirmed the accuracy of the analysis. 
After removing genes with p-adj >  0.05 and | log2(FC) | >  1, we identified 1505 upregulated 
and 3347 downregulated DEGs (S1 File). AGPAT3 had a base mean of 146.7 and a log2(FC) of 
5.13 (Fig 1B). Further enrichment analysis identified phospholipase D as one of the potential 
signaling pathways associated with cisplatin chemoresistance in A2780 cells (Fig 1C). Seven-
teen upregulated genes, including AGPAT3, from the RNA-seq data belonged to the phospho-
lipase D signaling pathway (S1 File). After a stringent threshold of base mean >  50 (S1 File), 
a heatmap was generated, and AGPAT3 ranked 25th among the upregulated genes (S3 Fig). 
Signal pathway analysis via the KEGG database revealed the interaction of phospholipase D 
with mTOR signaling pathway (Fig 1D).

3.2.  AGPAT3 mRNA and protein levels were elevated in A2780cp cells 
compared with A2780 cells
To verify the cisplatin resistance/sensitive phenotype of the cells, an MTT assay was per-
formed on A2780 and A2780cp cell lines. The results revealed a greater number of viable 
A2780cp cells (drug-resistant phenotype) treated with different concentrations of cisplatin 
than sensitive A2780 cells (Fig 2A). Accordingly, IC50 values of 34.08 µM and 62.62 µM were 
deduced for A2780 and A2780cp cells, respectively (Fig 2B). Subsequently, RT-qPCR analysis 

Fig 1.  Introduction of potential genes and signal pathways related to cisplatin resistance in the A2780 cell line based on Bioinformatics analysis. (A) Volcano 
plot of the results of the RNA-sequencing analysis of differentially expressed genes in A2780 vs. A2780cp, with AGPAT3 highlighted. (B) Fold change of AGPAT3 
gene expression from RNA-Seq data analysis between A2780 and A2780cp cells. (C) Illustration of the pathways involved in the cisplatin resistance phenotype, 
including phospholipase D signaling, as determined by enrichment analysis. (D) Part of phospholipase D signal pathway obtained from the KEGG database show-
ing the interaction between phospholipase D and the mTOR signaling pathway (LPAAT, also known as AGPAT).

https://doi.org/10.1371/journal.pone.0318740.g001

https://doi.org/10.1371/journal.pone.0318740.g001
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revealed significant upregulation of AGPAT3 (Fig 2C) and mTOR transcripts (Fig 2D) in 
A2780cp cells compared with A2780 cells. Furthermore, western blot analysis confirmed the 
elevated protein level of AGPAT3 in A2780cp cells, along with higher phosphorylation levels 
of mTOR and S6K proteins compared to those in A2780 cells, indicating overactivation of the 
mTORC1 complex (Fig 2E–G).

3.3.  AGPAT3 overexpression in A2780 cells overactivated mTORC1 
signaling pathway
The successful overexpression of AGPAT3 was confirmed through RT-qPCR against cDNA 
preparations of DNase-treated RNA samples obtained from transfected A2780 cells (Fig 
3A). Additionally, RT-qPCR analysis revealed an increase in the mTOR transcription level 
in A2780 cells overexpressing AGPAT3 (Fig 3B). Interestingly, western blot analysis (Fig 
3C) revealed that, compared with those in mock-transfected cells, the protein levels of only 
AGPAT3 and p-mTOR were elevated, whereas the protein levels of the other tested genes were 
decreased (Fig 3D). However, measuring the ratios of phosphorylated to nonphosphorylated 
protein levels of mTOR and S6K indicated an increase in the phosphorylated forms of both 
proteins (Fig 3E).

Fig 2.  Characterization of cisplatin resistance phenotype in A2780 and A2780cp cells. (A) Cell survival comparison between A2780 and A2780cp cells was 
conducted using MTT assay with five different concentrations of cisplatin. The experiment included three biological replicates, each with three technical repeats. 
(B) Cisplatin IC50 values for A2780 and A2780cp cells were determined via the best-fit dose-response model in Graph Pad Prism. (C) RT-qPCR results indicating 
increased transcription level of the AGPAT3 gene in A2780cp cells compared to A2780 cells. (D) RT-qPCR results indicating increased transcription level of mTOR 
gene in A2780cp cells compared with A2780 cells. (E) Western blot analysis against protein levels of AGPAT3, mTOR, p-mTOR, S6K, and p-S6K in A2780cp and 
A2780 cells. (F) Quantification of the western blot analysis results verified elevated levels of AGPAT3, mTOR, p-mTOR, and p-S6K proteins in A2780cp cells com-
pared with control cells. (G) Relative phosphorylation levels of mTOR and S6K in A2780 and A2780cp cells, indicating overactivation of the mTORC1 signaling 
pathway in A2780cp cells.

https://doi.org/10.1371/journal.pone.0318740.g002

https://doi.org/10.1371/journal.pone.0318740.g002
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3.4.  Attenuation of mTORC1 signaling pathway following the 
downregulation of AGPAT3 in A2780cp cells
To decrease the expression level of AGPAT3, a specific shRNA was cloned and inserted into 
pRNA vector and transfected into A2780cp cells. RT-qPCR analysis of AGPAT3 expression 
indicated approximately 75% successful downregulation of this gene compared with that in 
mock-transfected cells (Fig 4A). Surprisingly, RT-qPCR analysis showed an increase in mTOR 
mRNA levels under these circumstances (Fig 4B). Despite the increased mTOR protein level, 
western blot analysis verified that the p-mTOR protein level drastically decreased following 

Fig 3.  Effect of AGPAT3 overexpression on mTORC1 signaling pathway. (A) RT-qPCR analysis of AGPAT3 mRNA level in A2780 cells transfected with a 
recombinant vector confirming AGPAT3 overexpression compared with mock-transfected cells after DNase treatment. These results indicate successful AGPAT3 
overexpression. (B) RT-qPCR analysis of mTOR mRNA level in A2780 cells following AGPAT3 overexpression compared with that in mock-transfected cells, 
showing elevated mTOR transcription level. (C) Western blot analysis of AGPAT3, mTOR, p-mTOR, S6K, and p-S6K protein levels following AGPAT3 overex-
pression in A2780 cells. β-actin was used as an internal and loading control. (D) Quantification of the western blot analysis results showing elevated protein levels 
of AGPAT3 and p-mTOR and reduced S6K and p-S6K protein levels in transfected cells following AGPAT3 overexpression. (E) Relative phosphorylation levels of 
mTOR and S6K in A2780 cells transfected with the mock or AGPAT3 overexpression vector, indicating overactivation of the mTORC1 signaling pathway in A2780 
cells following AGPAT3 overexpression.

https://doi.org/10.1371/journal.pone.0318740.g003

https://doi.org/10.1371/journal.pone.0318740.g003
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the reduction in AGPAT3 protein levels (Fig 4C and D). Consequently, the level of the 
phosphorylated form of the S6K protein (p-S6K) also decreased under this condition (Fig 4C 
and D). This effect was more pronounced when the ratios of p-mTOR/mTOR and p-S6K/
S6K were calculated (Fig 4E), demonstrating a strong correlation between AGPAT3 and the 
mTORC1 signaling pathway.

3.5.  AGPAT3 overexpression was followed by cisplatin chemoresistance in 
A2780 cells
To investigate the effect of AGPAT3 overexpression on the cisplatin resistance phenotype of 
A2780 cells, an MTT assay was performed. The cells were transfected with a vector ensuring 
AGPAT3 overexpression and then treated with different concentrations (20, 35, and 50 µM) 

Fig 4.  Effect of AGPAT3 downregulation on the mTORC1 signaling pathway. (A) RT-qPCR result showing successful downregulation of AGPAT3 using specific 
shRNA in A2780cp cells. (B) RT-qPCR result indicating upregulation of mTOR transcription level following AGPAT3 downregulation in A2780cp cells. (C) West-
ern blot analysis of AGPAT3, mTOR, p-mTOR, S6K, and p-S6K protein levels following AGPAT3 downregulation in A2780cp cells. β-actin was used as an internal 
and loading control. (D) Quantification of the western blot analysis results showing a successful reduction in AGPAT3 protein levels, accompanied by reduced 
p-mTOR and p-S6K protein levels, in transfected A2780cp cells. (E) Relative phosphorylation levels of mTOR and S6K, indicating the attenuating effect of AGPAT3 
knockdown on the mTORC1 signaling pathway.

https://doi.org/10.1371/journal.pone.0318740.g004

https://doi.org/10.1371/journal.pone.0318740.g004
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of cisplatin after 24 hours. The MTT assay was conducted 24 hours after drug treatment. The 
results indicated that AGPAT3 overexpression led to an increased number of viable cells at all 
the tested drug concentrations (Fig 5A) and increased the IC50 value of A2780 cells from 31.2 
to 38.21 µM (Fig 5B). To investigate the impact of AGPAT3 overexpression on the apoptosis 
rate of A2780 cells under both untreated and 20 µM cisplatin treatment conditions, a flow 
cytometry-based apoptosis assay was conducted. Under non-treatment conditions, no signifi-
cant changes in cell survival and apoptosis were observed in the cells overexpressing AGPAT3 
(Fig 5C). However, a significant increase in cell survival rate and a reduction in apoptosis rate 
were observed in the cells overexpressing AGPAT3, under cisplatin treatment (Fig 5D), con-
firming the role of AGPAT3 in conferring chemoresistance to cisplatin in A2780 cells.

3.6.  Overexpression of AGPAT3 increased the proportion of A2780 cells in 
the G2/M phase under cisplatin treatment in A2780 cells
The cell cycle analysis revealed that there were no significant changes in the distribution of 
cell cycle phases in AGPAT3-overexpressing cells compared to the mock-transfected cells 
(Fig 6A). However, in the presence of 20 µM cisplatin, AGPAT3 overexpression resulted in a 

Fig 5.  Viability and drug resistance of A2780 cells following AGPAT3 overexpression. (A) MTT assay results showing increased viability of A2780 cells over-
expressing AGPAT3 compared with mock-transfected cells after treatment with three different concentrations of cisplatin (20, 35, and 50 µM). The experiment 
included two biological replicates and three technical repeats. (B) The graph indicates the increased IC50 of A2780 cells (from 31.2 to 38.21 µM) following AGPAT3 
overexpression. (C) PI-annexin analysis results of A2780 cells overexpressing AGPAT3, indicating no significant effect on apoptosis in transfected cells without 
cisplatin treatment. (D) PI-annexin analysis results of A2780 cells overexpressing AGPAT3 under cisplatin treatment, showing a significant protective effect in 
transfected cells, as demonstrated by an increased number of live cells and reduced number of apoptotic cells.

https://doi.org/10.1371/journal.pone.0318740.g005

https://doi.org/10.1371/journal.pone.0318740.g005
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notable increase in the percentage of cells in the G2/M phase compared with that in the mock 
group (Fig 6B). Specifically, in the mock group, the percentage of cells in the G2/M phase was 
8.53%, whereas in the AGPAT3-overexpressing group, it increased to 17.05%. These results 
further support the chemoresistance effect of AGPAT3 overexpression in these cells.

4.  Discussion
Ovarian cancer ranks as one of the most prevalent malignancies of the gynecological system 
[1]. Although the majority of ovarian cancer patients achieve complete clinical remission, 
50-70% of them experience tumor recurrence due to chemoresistance [2]. Therefore, elucidat-
ing the molecular mechanisms involved in the chemoresistance phenotype is crucial.

Here, we used RNA-seq and enrichment analysis to identify differentially expressed genes 
involved in the chemoresistance phenotype of A2780 cells, an ovarian cancer-derived cell line. 
AGPAT3 was chosen for further analysis because of its relatively high base mean and log2(FC) 
of 5.13 between A2780cp and A2780 cells. Previously, the oncogenic role of AGPAT2, another 
member of the AGPAT gene family, has been reported in leukemia [26], pancreatic [27], 
and ovarian cancers [28–30], as well as in cisplatin chemoresistance in osteosarcoma [23]. 
Based on these findings, we hypothesized that AGPAT3 might play a similar role in cisplatin 

Fig 6.  Cell cycle analysis of A2780 cells following AGPAT3 overexpression. (A) Cell cycle analysis of A2780 cells overexpressing AGPAT3, indicating no signifi-
cant alteration in cell cycle distribution without cisplatin treatment. (B) Cell cycle analysis of A2780 cells overexpressing AGPAT3 revealed an elevated G2/M ratio 
following cisplatin treatment.

https://doi.org/10.1371/journal.pone.0318740.g006

https://doi.org/10.1371/journal.pone.0318740.g006
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chemoresistance. The AGPAT3 gene is located on chromosome 21 and has several transcrip-
tion variants, six of which encode the same protein consisting of 376 amino acids. The specific 
primers used for expression analysis and overexpression of this gene ensured the detection of 
all six transcription variants.

At the experimental level, an MTT assay was used to verify the cisplatin resistance/sen-
sitive phenotypes of the A2780cp and A2780 cells, respectively. Accordingly, IC50 values of 
62.62 µM and 34.08 µM were determined for the A2780cp and A2780 cells, respectively. Then, 
RT-qPCR results indicated that the AGPAT3 gene is upregulated in A2780cp cells compared 
to the A2780 cells. Furthermore, western blot analysis verified the elevated protein level of 
AGPAT3 in A2780cp cells compared with A2780 cells. The mTOR signaling pathway has 
already been reported to be involved in the cisplatin resistance phenotype [31]. Consistently, 
the mTOR signaling pathway was upregulated in A2780cp cells, as detected at both the mRNA 
and protein levels. S6K protein is known to act downstream of mTORC1 signaling [32–34]. 
Interestingly, our western blotting analysis revealed that the phosphorylation of S6K protein 
was also increased in A2780cp cells. Overall, western blot analysis verified that the p-mTOR/
mTOR and p-S6K/S6K ratios are increased in A2780cp cells compared to A2780 cells. These 
factors might be considered molecular markers of the cisplatin resistance phenotype in 
A2780cp cells.

Following the successful overexpression of AGPAT3 in A2780 cells, as detected by 
RT-qPCR and Western blot, the transcription level of mTOR was elevated. The upregulation 
of mTOR mRNA expression appears to be a consequence of a positive feedback loop involv-
ing the mTORC1 target [35], leading to increased stability of mTOR mRNA. Nevertheless, 
such an effect was not observed at the mTOR protein level. Instead, the ratios of p-mTOR/
mTOR and p-S6K/S6K were elevated, suggesting an increased chemoresistance phenotype in 
the cells.

This effect was further supported by the results of the MTT assay in cells overexpress-
ing AGPAT3. This overexpression resulted in an increased IC50 of A2780 cells to cisplatin, 
increasing from 31.2 to 38.21 µM. Western blot analysis further confirmed that successful 
downregulation of AGPAT3 gene expression in A2780cp cells led to drastic reductions in 
p-mTOR/mTOR and p-S6K/S6K protein levels, reinforcing the regulatory effect of AGPAT3 
on the mTORC1 signaling pathway.

Consistently, overexpression of AGPAT3 in A2780 cells resulted in an increased number of 
live cells and a reduced number of apoptotic cells under cisplatin treatment, as detected by the 
Annexin PI apoptosis assay. In the absence of cisplatin treatment, this effect was not observed, 
emphasizing the involvement of AGPAT3 in the drug resistance phenotype.

Furthermore, cell cycle analysis revealed no significant changes in cell cycle phases fol-
lowing AGPAT3 overexpression. However, an increase in the G2/M phase population was 
observed after AGPAT3 overexpression under cisplatin treatment. An increased G2/M phase 
population is considered a hallmark of DNA repair system arrest, and it has been reported 
that mTORC1 causes G2/M arrest [33,34]. Accordingly, we suggest that AGPAT3, through 
overactivation of mTORC1 signaling, might trigger the DNA repair system and arrest the cell 
cycle in the G2/M phase under cisplatin treatment. Such alterations in cell cycle distribution 
may indicate a cellular response to cisplatin-induced DNA damage or stress, allowing for 
DNA repair before entering mitosis and ensuring the preservation of genomic integrity. Fur-
ther investigation is required to support this interpretation.

Overall, our findings suggest that AGPAT3 enhances cisplatin resistance in ovarian cancer 
through mTORC1 induction (Fig 7). Therefore, downregulating AGPAT3 expression or 
blocking its enzymatic product, phosphatidic acid, from binding to mTOR might be con-
sidered therapeutic approaches to overcome cisplatin chemoresistance in ovarian cancer, 
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which has fewer side effects than other classes of mTOR inhibitors do [7]. However, whether 
AGPAT3 is also involved in other chemoresistance systems and in other cancer types remains 
to be tested. Therefore, targeting or interfering with enzymes or cofactors that over activate 
mTORC1 could diminish the side effects of drugs used in cancer therapy. These insights may 
contribute to the development of more effective treatment strategies in the future.

Supporting information
S1 Fig.  Structure of shRNA designed for downregulation of AGPAT3 gene. The structure 
of the shRNA designed for knocking down of the AGPAT3 gene. The design was created using 
IDT OligoAnalyzer website.
(PDF)

S2 Fig.  Principal Component Analysis (PCA) for RNA-seq data verification. PCA was 
employed to verify the sample separation in our RNA-seq analysis, specifically to distinguish 
between resistant and sensitive samples. After performing batch effect removal, the PCA 
clearly demonstrated the separation of resistant and sensitive samples, indicating distinct 
expression profiles. Although some samples within the resistant and sensitive groups did not 
cluster tightly together, the overall PCA results still highlighted significant differences between 
the resistant and sensitive samples.
(PDF)

S3 Fig.  Heatmap of differentially expressed genes. The heatmap displays the upregulated 
and downregulated genes across all samples. It represents the 25 most upregulated genes, 

Fig 7.  Mechanism of AGPAT3-mediated mTORC1 activation and its downstream effects. This schematic illustrates the role of AGPAT3 in enhancing mTORC1 
activity through increased production of phosphatidic acid (PA) and its subsequent effects on S6 kinase (S6K) phosphorylation. AGPAT3 converts lysophosphatidic 
acid (LPA) and acyl-CoA to PA, leading to elevated PA levels. PA binds to mTORC1, activating the complex. Activated mTORC1 then phosphorylates S6K protein, 
resulting in increased survival rate, enhanced DNA repair, promotion of cell growth and proliferation, and the development of chemoresistance.
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